Introduction
Parallel evolution is the independent appearance of similar derived phenotypes among closely related species. It has key implications for the debate over the predictability of evolution. On one side of this debate, evolution is proposed to be stochastic and unpredictable [1] , while on the other, it is thought to be subject to constraints that limit available phenotypic outcomes [2] . Although parallel genotypic evolution has been shown at lower taxonomic levels, the occurrence of parallel evolution across genera within a clade has only rarely been shown [3] . The potential for climate change to drive parallel evolution also remains understudied.
Aridification across the Australian landmass over the past 20 Myr provided conditions conducive to parallel evolution, as related species in shrinking mesic areas adapted to drier habitats. One prominent feature of the arid Australian landscape is its vast numbers of termite mounds. These fortresses can reach heights of 6-8 m in the case of mounds built by the northern Australian species Nasutitermes triodiae [4] . The functions of mounds are well studied, and include protection from predators, food storage and the regulation of environmental conditions [5] . However, their evolutionary origins remain poorly understood.
Australian members of the Termitidae subfamily Nasutitermitinae (hereafter 'nasutes') provide an ideal opportunity to study the origins of mound building, and to investigate potential parallel evolution of this trait. Of 44 described species, 13 species construct mounds [4] ; mound building is rare among representatives of the subfamily from other geographical regions. Other species in the subfamily create their nests arboreally (on the outside of trees), within dead wood or within soil [6, 7] (figure 1). Australian nasutes are ecologically dominant in savannah habitats and are known for their diverse feeding habits, ranging from sound wood through to rotting wood, leaf litter, grass, soil or a combination of these substrates [4] . This diversity of substrates provides an additional opportunity to investigate potential parallel evolution of diet in these species.
Here, we perform the first comprehensive investigation of the evolution of mound building and grass feeding in Termitidae, via a phylogenetic analysis of Australian nasutes. We sought to answer the following specific questions: (i) How many times have these traits evolved in this group, and from what ancestral states? (ii) When did mound building and grass feeding evolve, and did their appearance coincide with known geological and climatic events? Our overarching aim was to investigate the potential role of environmental change in driving parallel evolution of these key termite traits.
Material and methods
Eighty-six samples of Australian Nasutitermitinae were examined in this study, representing the diversity of the subfamily (32 of the 44 described Australian species, plus another 10 morphospecies not diagnosable to described species). Three mitochondrial genes (COX2, 16S and 12S) and one nuclear locus (ITS1) were sequenced in these taxa, and phylogenetic analyses were carried out on these and other Nasutitermitinae taxa from around the world using maximum likelihood and Bayesian inference. Details of collection locations, identification, DNA extraction, primers and amplification conditions, phylogenetic methods, fossil calibrations and ancestral-state reconstruction methods are provided in the electronic supplementary material. Our phylogenetic analyses of mitochondrial genes revealed three well-supported and divergent lineages (L1 -L3) of endemic Australian Nasutitermitinae (figure 1). L1 is most closely related to species from Papua New Guinea and South America, which together form a sister clade to L2. L3 is divergent from L1 and L2, and is the sister lineage of a clade containing taxa from Asia. Trees estimated using maximum likelihood and Bayesian inference (figure 1 and electronic supplementary material, figure S2 ) were generally concordant. Relationships among taxa inferred from ITS1 were generally in agreement with those inferred from mitochondrial sequences (see the electronic supplementary material, figure   S3 ), although we did find evidence of divergent ITS1 copies in some taxa. The overall concordance between the mitochondrial and ITS1 trees confirms previous results [6, 8, 9] showing that mitochondrial genes are reliable markers for inferring relationships among these taxa.
Results and discussion
Our results indicate that Nasutitermitinae colonized Australia on at least two, and probably three, occasions over the past approximately 20 Myr. L3 appears to represent the earliest colonization of Australia, approximately 17.8 Ma (95% credibility interval 12.77-23.53 Ma; figure 1), whereas L1 arrived approximately 12 Ma (95% CI 8.84-17.48 Ma). The timing of colonization of Australia by the ancestors of L2, which is represented by a single species, is unclear. The geographical origins of colonizations by L1-L3 are unclear based on the topology in figure 1. There was no evidence for movement of taxa from Australia to any other regions following their arrival.
(b) Evolution of nesting types
Ancestral-state reconstruction showed that the ancestors of L1 and L2 were arboreal nesters (figure 2 and electronic supplementary material, figure S4 ). Extant nasute arboreal nesters from Asia, Central and South America, and Africa often have distributions that include coastal areas, and this was presumably the case for their last common ancestor. The proximity of ancestral arboreal nesters to coastal habitats is likely to have facilitated the dispersal of L1 and L2 across oceanic barriers to Australia. Following the establishment of the arboreal L1 ancestor in Australia, mound building was inferred to have evolved on three separate occasions in parallel as this lineage diversified. Nasutitermes walkeri and N. graveolus maintained the ancestral arboreal nesting habitat; like their relatives in other parts of the world, the distributions of these two taxa include coastal areas. In L3, the wood or subterranean nesting habit is present in most extant lineages and was inferred as the ancestral state. Mound building was inferred to have evolved six times in parallel within this lineage (figure 2 and electronic supplementary material, figure S4 ).
Mound-building in L1 was inferred to have first evolved approximately 7.5 Ma (95% CI 5.39 -10.90 Ma) in the ancestors of N. smithi, N. sp 2 and Tumulitermes pastinator, and approximately 5 Ma (95% CI 4.12 -8.35 Ma) in the ancestor of N. triodiae and N. magnus. These inferred times overlap with the hypothesized expansion of open habitats such as sclerophyllous woodlands and savannahs in Australia at around 6 -8 Ma [10] . The onset of drier conditions may have spurred the transition from arboreal nesting to the construction of mounds on the soil surface, where moisture could be more easily sourced and retained. Termite mounds typically extend well below the ground, where conditions are more cool and moist [4, 5] . The conversion of woodland to savannah habitats is likely to have resulted in fewer trees available for the construction of arboreal nests, and selection for nest construction on the ground. In the case of L3, the timeframe for the evolution of mound building is more difficult to ascertain, but it appears to have occurred within the past approximately 5 -6 Ma in three out of six instances (ancestors of T. hastilis þ T. sp. 1, T. marcidus and T. tumuli).
In rsbl.royalsocietypublishing.org Biol. Lett. 13: 20160665 dry conditions during the Pleistocene [10] . The increasing scarcity during these periods of wooden logs, in or under which ancestral taxa from L3 nested, may have driven the construction of mounds in some lineages. A number of L3 taxa (e.g. N. pluvialis, N. dixoni) are distributed in relatively mesic habitats, which may explain why their ancestors did not evolve mound building. The distributions of a number of non-mound building L3 species in arid areas (e.g. T. recalvus, T. peracutus) indicates that such conditions do not necessarily result in the evolution of mound building from wood or soil nesting. The ancestors of each of the three major Australian nasute lineages were inferred to have been wood feeders (electronic supplementary material, figure S5 ). Within L1, N. graveolus evolved the ability to feed on litter and wood. There were at least two independent transitions from wood feeding to either grass þ litter or grass feeding, but the unknown feeding status of some species in L1 makes it difficult to infer ancestral states (figure 2). Within L3, a key transition from wood feeding to grass þ leaf-litter feeding occurred early during the evolution of the group, and was followed by a subsequent transition to grass feeding in the ancestors of T. recalvus and T. marcidus ( figure 2) . In other parts of L3, wood feeding was retained; a lack of information on the feeding habits of the remaining members of L3 precludes the reliable inference of some ancestral states. During the evolution of grass feeding, ancestral wood feeders might have first evolved the ability to feed on wood and litter. These taxa would then have lost the ability to feed on wood as they transitioned to feeding on litter and grass. Some lineages subsequently transitioned to a strict grass diet. The evolution of diverse feeding habits across L1 -L3 may have been influenced by environmental change. The onset of extended periods of arid conditions from 15 Ma onwards [10] caused a reduction in rotten, moist wood, which may have driven the transition to alternative substrates such as leaf litter and grass. Consistent with this, the transition from wood feeding to grass and litter feeding in L3 was estimated to have occurred approximately 12.5 Ma (95% CI 8.84 -17.12 Ma; figure 2). The parallel transition to strict grass feeding in the ancestors of N. triodiae/N. magnus and T. marcidus/T. recalvus was inferred to have occurred more recently at 5 -6 Ma (95% CI 3.14 -8.56 Ma). This timeframe is consistent with the spread of grassland habitats in subtropical savannahs and central Australia in the Late Miocene/Early Pliocene [11] . Further evidence will be needed to test this hypothesis, including additional information on the feeding habits of extant species and ancestral lineages.
Conclusion
Our results provide a novel example of parallel evolution across genera in the Nasutitermitinae, the timing of which is consistent with periods of ancient climate change. This group is one of the most ecologically successful groups of termites in Australia [4] . We have shown that its capacity to disperse over oceans, and to repeatedly evolve the ability to build mounds and feed on novel substrates in the face of significant environmental change, appears to have been important in promoting this success. These results emphasize the predictability of evolution under certain ecological conditions. Further studies at the genomic level of Australian nasute termites may shed light on the underlying genetic mechanisms of dietary evolution and the complex phenomenon of mound building.
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